Solution-processed lead halide perovskites have shown very bright future in both solar cells and microlasers. Very recently, the nonlinearity of perovskites started to attract considerable research attention. Second harmonic generation and two-photon absorption have been successfully demonstrated. However, the nonlinearity based perovskite devices such as micro-& nano-lasers are still absent. Here we demonstrate the two-photon pumped nanolasers from perovskite nanowires.
INTRODUCTION
In past three years, solution processed perovskites have attracted intensively research attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Due to their long carrier lifetimes and diffusion lengths, perovskites have shown great potentials in low-cost and high efficient solar cells. The light conversion efficiency has been quickly improved and the record value reaches 20.1% very recently [2] .
Besides the efficient light harvesting, perovskites have also been revealed as promising gain materials in 2014 [3, 4] . Because the gain of perovskites are strongly dependent on the crystal quality and the structure of materials [5, 6] , perovskites with reduced dimensions have been quickly developed and lasing actions with low thresholds have been successfully demonstrated in two-dimensional square [7] and hexagonal [8] microdisks. In 2015, single crystal one-dimensional nanowires have been synthesized to further improve the characteristics of nanolasers [5, 6] . Record low threshold (∼ 220nJ/cm 2 ) and high quality (Q) factor were realized in single lead halide perovskite nanowire [5] . These perovskite nanowires are expected to play important role as building blocks for nanoscale photonic and optoelectronic devices [13] . They have also enabled the possibility of bridging future perovskite nano-networks with conventional systems.
More than the superior properties in solar cell and light emission, perovskites also have great potentials in low-cost, solution processed nonlinear optical devices, which provide a new opportunity for both perovskites and nonlinear optics [14, 15] . Stoumpos et al. have studied the second harmonic generation (SHG) of organic/inorganic germanium perovskite [14] . Very large second order nonlinear susceptibility and high damage threshold have been demonstrated. Walters et al. reported the two-photon absorption of organometallic bromide perovskites and the obtained two-photon absorption efficiency is even comparable to CdSe and CdS [15] . These progresses have triggered great research attentions on nonlinear perovskite devices. In particular, there has been great interest in two-photon absorption effects of nanomaterials due to their applications in imaging, nanolaser, and optical limits. For example, the short penetration depth of single-photon pumping laser can be resolved by two-photon absorption [16] and thus makes perovskites to be potentially used in complex environment such as biological tissues. Here, as a first step, we demonstrate the multiphoton pumped lasing actions in lead halide perovskite nanowires. Lasing actions have been observed in perovskite nanowires that were optically excited via two-photon excitation.
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The Q factors and thresholds of two-photon pumped nanolasers are even comparable to the conventional whispering gallery modes in polygon shaped microdisks.
EXPERIMENTAL RESULTS

Synthesis of perovskite nanowire
Our lead halide perovskites were synthesized with one-step solution self-assembly method, which has been reported by Liao et al recently [7, 9] . Basically, CH 3 NH 3 Br and P bBr 2 were independently solved in N,N-dimethylformamide (DMF) with concentrations around 0.1 M. Then two solutions were mixed at room temperature with 1:1 volume ratio to form Fig. 1(a) , the perovskites are dominated by two types of structures. One is the rectangle shaped microplates. The length of rectangle plate changes from a few micron to tens of micron. The other one is perovskite nanowire. By characterizing the nanowire with scanning electron microscope (SEM), we know that their lengths and widths are within the ranges of 10 -30 microns and 500nm -1500nm, respectively (see the supplementary information). Following the recent reports of Zhu [5] and Xing [6] , these perovskite nanowires are large enough to support the nanolasers.
Lasing actions in perovskite nanowires
The linear properties of perovskites has been studied at the first. The dashed line of the synthesized perovskite is around 2.29 eV. This value is consistent with the recent repots about perovskite crystals well [7, 15] . From the absorption spectrum, we also know that the pumping laser at 800 nm is far below the bandgap of perovskite (see the schematic picture of two-photon absorption in Fig. 1(c) ). Meanwhile, as the ultrashort laser pulse with low repetition rate (100fs, 1kHz) has been applied here, the photoinduced absorption associated with excited-state carriers can be neglected [9] . In this sense, perovskites shall be transparent to the incident laser under the linear model. The width and length of nanowire are 840 nm and 18.64 µm, respectively. And the thickness is around 625 nm. The nanowire was placed in a home-made microscope and first excited with frequency doubled Ti:Sapphire laser (at 400 nm) to determine the resonant properties and corresponding lasing actions (see supplementary information). In our experiment, the pumping laser was focused by a 40X objective lens onto the top surface of nanowire [17] . The emitted lights were collected by the same objective lens and coupled to a CCD (Princeton instrument, PIXIS BUV) coupled spectrometer (Acton SpectroPro2700i) via a multimode fiber. The green line in Fig. 1(b) is the recorded spectrum of photoluminescence, which is a broad peak centered at 534 nm with a full width half maximum (FWHM) around 20nm.
When the pumping density was increased, the emission intensity also increased and sharp peaks appeared in the spectrum. One example is shown in Fig. 2 (c) with pumping density at 3.65 µJ/cm 2 . More than 10 periodic laser peaks can be observed within spectral range around 546 nm. Here the lasing wavelength happened at the right side of photoluminescence peak, which was caused by the rapidly increased absorption of perovskite (see Fig. 1(b) ) at shorter wavelength. The mode spacing is around 1.486 nm and the FWHMs of sharp peaks are found to be 0.604 nm. The inset in Fig. 2(c) shows the fluorescence microscope image of perovskite nanowire. Bright spots can be observed at two end-facets of nanowire. The formation of bright spots well indicates the occurrence of amplification within the nanowire (the amplification length is the longest along the nanowire) [5] .
To determine the onset of lasing actions, we have studied the dependence of output intensities on the pumping density. All the results are shown in Fig. 2(d) . When the pumping density was increased from 0.98 µJ/cm 2 to 3.14 µJ/cm 2 , the intensity increased slowly.
Once the pumping intensity was further increased, the emission intensity was dramatically Inset is the corresponding fluorescence microscope image. Here the pumping density is 3.65µJ/cm 2 .
(d) The output intensity and linewidth as a function of pumping density.
laser threshold at around 3.14 µJ/cm 2 . Therefore, lasing actions within one-step solutionprocessed perovskite nanowire can be confirmed. We note that the threshold in Fig. 2(d) is about one order of magnitude higher than the smallest value for CH 3 NH 3 P bBr 3 perovskite nanowire in literature (∼ 300 nJ/cm 2 ) [5] . It is already lower than the thresholds of square shaped microdisks that are synthesized in the same process [7] . These differences in different examples and experiments might be caused by the crystal quality and cavity size [5, 6] .
According to Walters et al.'s recent study, the two-photon absorption coefficient (∼ 8.6
cmGW −1 ) of single-crystal perovskites is similar to the conventional inorganic semiconductor CdS and CdSe [15] . Thus perovskites can be an excellent candidate for two-photon-excited up-conversion devices, especially for the nanowire lasers that have ultralow thresholds [5, 6] .
We then removed the BBO crystals and directly pumped the same nanowire with 800nm
Ti:Sapphire laser. Interestingly, green lights can be clearly observed under fluorescent microscope (see Fig. 1(a) as an example). The corresponding spectrum of photoluminescence is depicted as orange line in Fig. 1(b) . A broad emission peak with FWHM around 20 nm has also been observed under fluorescent microscope. In this nanowire, the emission spectra under single-photon and two-photon excitations are very close. In some cases, the two-photon pumped spectrum slightly shifted to longer wavelength (see supplementary information) [18] . With the increase of pumping power, some dramatic changes could be seen in fluorescent images. Different from the relative uniform fluorescence image ( Fig. 1(a) ), bright spots started to appear at two ends of nanowire (inset in Fig. 3(a) ), indicating the onset of lasing actions [5] . One of the emission spectrum was recorded and plotted in Fig. 3(a) . Similar to the single-photon pumped spectrum, periodic lasing peaks can be observed. Here both the mode spacing (∼ 1.49nm) and the lasing wavelengths are very close to the spectrum in Fig.   2 (c). The only difference is that the spectral range of two-photon pumped lasers is narrower 7 than the one under single-photon excitation [18, 19] . Only three main lasing peaks can be observed in Fig. 3(a) . This is also caused by the intrinsic absorption of perovskite at the lasing wavelength range [18] .
The laser threshold of two-photon pumped nanowire laser has also been studied. Figure   3 (b) shows the output intensity as a function of pumping density. When the pumping density was smaller than 674 µJ/cm 2 , the output intensity increased slowly. As we mentioned above, this process corresponded to spontaneous emission (see spectrum in orange line in Fig.   1(b) ). Once the pumping density was above 674 µJ/cm 2 , the output intensity increased dramatically. Meanwhile, sharp peaks emerged in laser spectra (see Fig. 3(b) ) and the FWHM quickly reduced from around ∼ 20nm to below 1 nm. Thus the lasing behaviors of two-photon pumped nanowire can be easily confirmed. Here the threshold value (674 µJ/cm 2 , comparable to the threshold of hexagonal microdisk lasers) of two-photon pumped nanowire laser is about 200 times of the one under single-photon excitation. This is also consistent with the observations of two-photon pumped lasing actions in CdS and CdSe. At the threshold point, where the gain and loss and supposed to be balanced, the linewidth is as small as 0.57 nm, corresponding to a radiation Q factor around 960. This high Q factor is even comparable to the recently reported lasers in perovskite squares and hexagon shaped microcavities. When the pumping power was above threshold, the laser linewidth increased a little bit and the laser peak slightly blueshifted simultaneously. As we mentioned before, this is induced by band filling effect during the ultrashort lasing pumping [20] .
We note that two-photon pumped lasing actions are very generic in perovskite. It has been observed in almost all the nanolasers that produce laser emissions under single-photon excitation. One additional example is shown in Fig.s. 3 (c) and 3(d) (There are the other 9 samples in the supplementary information). When a different nanowire was pumped under Ti:Sapphire laser at 800 nm, the emission spectrum consists of periodic lasing peaks and bright spots can be observed at the ends of nanowire (inset in Fig. 3(c) ). After the observations of lasing actions in perovskite nanowire with single-photon and two-photon pumping, it is also interesting to understand the mechanism that is responsible for the periodic lasing modes in Figs. 2 and 3 . In general, the periodic lasing peaks in perovskite nanowire are generated from the Fabry-Perot resonances along the fundamental waveguide mode [5] . This is also consistent with the bright spots at the ends of nanowires (see the insets in Figs. 2 and 3) . The mode spacing of Fabry-Perot cavity can be easily estimated from the equation (∆λ = λ 2 /2nL, where n is the refractive index of perovskite and L is the length of nanowire). For the nanowire in Fig. 2(a) , the estimated value is ∆λ = 3.18 nm, which is almost twice of the experimentally measured one. Such kind of discrepancy can be explained by taking account of two sets of Fabry-Perot modes along different waveguide modes. However, it is still not clear which modes are involved in the lasing actions. This is because that the width and thickness of nanowire are several times of lasing wavelength (λ/n ∼ 217nm). The perovskite nanowire can support more than fifty waveguide modes (see examples in the supplementary information).
To build a correct model for our nanolaser, we thus experimentally studied the polarizations of the perovskite lasers. Since the measured mode spacing is about half of the estimated value, we separated the odd and even number lasing modes into two groups and peaks can also be observed. Interestingly, these peaks appear around the center of every two peaks in Fig. 5(a) . Consequently, if we consider these two types of Fabry-Perot modes at the same times, the average mode spacing is thus decreased to ∼ 1.55nm, which is very close to the experimental results (∼ 1.49nm) and verifies our assumed mechanism well. The slight difference between experiment (2.98 nm) and numerical simulation (3.1 nm) can be explained by the group index of perovskite [24] . Considering the long penetration depth of laser at 600 − 1300nm, our observations shall also have potential applications in biomedical imaging and pinpoint detection.
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